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The effective coefficients of thermal expansion (CTE) of Ti-containing hydrogenated amorphous 0 .

carbon (Ti-C:H) thin films were measured. Ti-C:H thin films with compositions ranging from ,
nearly pure a-C: H to nearly pure TiC were deposited on Si(1 00) substrates. Effective CTEs were
determined from temperature induced changes in the curvature of filimsubstrate assemblies. o .-
Measured effective CTE values for Ti-C:H are -5.7 X 10-6 K-1, and show little dependence on the
Ti composition. © 2004 American Institute of Physics. [DOI: 10.1063/1.1814800] O0

n
Coefficients of thermal expansion (CTE) of hydrogen- and Ti layers, the thermal expansion of the latter was ne-

ated amorphous carbon (a-C: H) thin films has been mea- glected. The beam assembly was clamped on one end onto a
sured previously.' However, little is known about the CTE of specimen holder with the other end free, and placed in the
a-C:H films containing more than a few atomic percent of center of a high vacuum tube furnace. The tube furnace was
carbide forming metals (Me-C:H). While a-C:H films are sealed at one end with an optical quality glass allowing laser
homogeneous on length scales larger than a few nanometers, beam access, and evacuated to a base pressure of -2
Me-C:H films are nanocomposites with metal-carbide X 10-8 Torr. The specimen temperature was monitored by a
nanocrystals embedded within a-C: H. Ti-C:H thin films K-type thermocouple placed 3 mm away from the beam as-

consist of B1-TiC nanoclusters embedded within a-C:H.3  sembly. During each CTE measurement cycle, the specimen

Due to the orientational isotropy of a-C: H and the cubic temperature was increased over - 120 min from room tem-

symmetry of B 1-TiC, the CTEs of both phases are repre- perature to <230 °C, followed by a similarly slow decrease

sented by scalar quantities. 4 In this paper, effective CTEs of to room temperature. A linear array of parallel laser beams

Ti-C:H thin films are measured as a function of the Ti com- were incident on the film side of the specimen assembly, and

position. the reflected spots were detected by a charge-coupled-device

Ti-C:H thin films were synthesized with an inductively (CCD) array. The curvature of the beam assembly, K, is re-

coupled plasma assisted hybrid chemical/physical vapor lated to the relative change in spacing between reflected

deposition technique. 5 A series of Ti-C:H thin films were spots, by

deposited onto the front sides of two-side polished, (D-Do cos 0
300 Am-thick Si(100) substrates, cut along (100) directions K=- (D D 2L
into 4 X 30 mm beams. The substrate curvature change due
to Ti-C:H deposition were measured in situ with a multi- where D is the reflected spot spacing from a specimen with
beam optical sensing (MBOS) technique. 6 Each Ti-C:H curvature K, and 0, L, and Do are, respectively, the incidence
specimen was deposited in the configuration of angle, the optical path length from the specimen to the CCD,
Ti-C:H/Ti/Si(100) with a -80 nm-thick Ti interlayer, and and the spacing between reflected spots from aflat surface.

a Ti-C:H layer thickness of 1-2 pm. Substrate temperatures In the present setup, L was 163 cm and 0 was -P. A nega-

during Ti-C:H deposition were -250 'C. The Ti to C tive change in K denotes increasing substrate convexity on

atomic ratio (RTi/C) was obtained from Rutherford back- the film side.

scattering spectrometry measurements. 6  When the film/substrate assembly is subjected to a tem-

Carbon K-edge electron energy-loss spectroscopy perature change, AT, the thermal stress generated within the

(EELS) measurements on plan-view Ti-C:H specimens were film, of, due to the mismatch between the CTE of the Si

performed on a JEOL JSM3010 transmission electron micro- substrate, aq, and the effective CTE of the Ti-C:H film, cf, is

scope operated at 300 kV and equipped with a Gatan imag- given by

ing filter (GIF200). Raman scattering spectra were collected E
at room temperature in reflection from as-deposited 1f -f (af- a5 )AT. (2)

Ti-C:H/Ti/Si(100) specimens with a Jobin-Yvon Horiba - 7

LabRam instrument. This thermal stress induces a change in curvature, AK, of the
The effective CTEs of Ti-C:H films were probed by film/substrate assembly according to the Stoney's equation

measuring the specimen curvature change with the MBOS 1 2 E K (
technique during heating induced temperature excursions. crt=-ts•• K (3)

Because of the large thickness disparity between the Ti-C:H

where tf and t, are the thicknesses of film and substrate,
')Electronic mail: wmeng@me.lsu.edu respectively. In Eqs. (2) and (3), Ef/(l -vf) and E,/(1 - ui)
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FIG. 1. Measured curvature change of a Ti-C:H/Ti/Si(100) beam assem- FIG. 2. Measured CTE mismatch between Ti-C:H and Si as a function of
bly as a function of temperature. Open and solid circles denote results mea- the Ti composition. The use of the film indentation modulus instead of the
surbd during temperature rise and fall oflon continuous temperature ixcur- biaxial modulus results in an additional factor of (I +vf). Separate data

sion over a -300 min period. Open squares denote data obtained during a points at the same RTi/c denote results of repeat measurements on the same

separate temperature rise 24 h later, specimen.

are, respectively, the biaxial moduli of the film and substrate. for a Ti-C:H/Ti/Si(100) beam assembly, in which the

The CTE mismatch, Aa0f_, af-as, is obtained from Ti-C:H film has RT/C - 0.4 3 . As the temperature increases,

Eqs. (2) and (3), and is a function of AK/AT as well as the AK becomes more negative, indicating that crf> aq. Results

biaxial moduli and thicknesses of both the film and substrate, of three separate AK measurements are shown, and show

For the present measurements, EI/(l-vv)= 1.805 X 10" Pa,7  that, within experimental error, the thermally induced AK is

t,=300 /m, and tf was directly measured. Although E /(1 reproducible over repeated temperature excursions up to

- vf) values for Ti-C:H films were not measured, their inden- -230 *C and linearly proportional to AT. The former sug-

tation moduli, Einfd=Ef/(I - v2), were determined previously gests that no structural modification occurred within the film
P measurements. Th during the measurement.

from instrumented nanoindentation e Measured values of (1 + vf)A af.s for Ti-C:H as a func-
knowledge of Eild allowed one to determine (1 + vf)Aafjs: tion of the Ti composition are shown in Fig. 2. The reported

(1+ vf)Acys=-t;( E, \ 1 AK (4) error bars are derived from measurement errors in AK, tf,
(1 6tf+ I -lvs1 EinAT" and Eind, and are dominated by scatter in the Eind

measurement.8 Data shown in Fig. 2 indicate that (1

If Aaf, is independent of temperature in the temperature + vf)Aaf._ approaches -3.5 X 10-6 K-1 and -3.0
excursion range, then AK is linearly proportional to AT. X 10-6 K-1 as RTi/C approaches, respectively, 0 or 1, and

Because of the presence of compressive intrinsic stresses shows only marginal variation outside of measurement error
within Ti-C:H, ranging from 0.5 to 2 GPa in magnitude,6 as a function of the Ti composition.
and the absence of stress relaxation, as-deposited The bonding configuration of the a-C:H phase in
Ti-C:H/Ti/Si(100) film/substrate assemblies possessed sig- Ti-C:H was further probed by EELS9 and Raman
nificant curvatures. Because of this initial curvature, one ca- scattering.' 0 Figure 3 shows a C K-edge EELS spectrum col-
veat exists regarding the AK measurements. Applying Eq.
(1), one obtains

I (cosO'ýD 2 -D,
AK=K 2 -K, -•-! "Do

/coO'\'D-D, lD,-D 0 \,
(co, 1)1 (D2 (5) C

2 - /\+ Do '

where D, is the reflected spot spacing at the beginning of the
temperature excursion, corresponding to the curvature K, of
the as-deposited film/substrate assembly. The last term in Eq. C

(5) is usually insignificant for bare substrates. In the present -T-C:H 0VC-0.10)this work

case, it is substantially different from unity. However, it is ---- a-C this work
known from previous substrate curvature measurements dur- - TiC Uchtenberger at al. 2003

ing specimen deposition,6 and was applied to obtained
AK(T). 270 280 290 300 310 320 330

Structural stability of the Ti-C:H films during the tem- Electron energy loss (eV)

perature excursion is of concern, since the CTE measure- FIG. 3. Probing the bonding configuration of the a-C: 1 phase within Ti-

ments assumes that thermally induced strains are elastic in CH: C K-edge EELS spectra of a TiC:H thin film with RTVCO0lO, an

origin, and excludes any structural changes within Ti-C:H. evaporated amorphous carbon (a-C) film, and TiC (see Ref. 11). Note that
Figure 1 shows measured AK as a function of temperature the ir* peak for Ti-C:1H is stronger relative to that for a-C.
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lected from a Ti-C:H film with RTi/c.- 0.10. The intensity single-phase TiC can be significantly altered by forming a
of the ls-lr* peak near 285 eV relative to the C K-edge as a TiC/a-C:H nanocomposite with only a minor fraction of
whole is proportional to the fraction of sp2 bonded C atoms, a-C:H.

Aw2.9 Quantitative evaluation of f p2 in this case is compli- To obtain CTE for Ti-C:H, one needs to consider the
cated by the presence of the TiC phase within Ti-C:1H. Al- variation of the Poisson's ratio v of Ti-C: H as the Ti com-
though TiC contains no sp2 bonded C, it displays a strong position varies. Variations of v in two-phase composites have
EELS peak near 285 eV relative to the C K-edge." Adding been analyzed from a continuum mechanics view point.
the C K-edge signal from TiC to that of a-C: H can result in Simple analysis for long-fiber composites indicates a linear
a spectral distortion, and the composite spectra is no longer rule-of-mixtures variation. 17 Effective medium theory analy-
reflective of the true sp2 C component. sis of random two-phase composites, in which the two

A number of Raman spectra were obtained from phases have identical Poisson's ratios, has shown that the
Ti-C:H specimens with different Ti contents. At all Ti com- composite v exhibits no pronounced variation with composi-
positions, Raman spectra contained the D and G bands com- tion when v values of the component phases range from 0.1
monly observed in a-C:H films. The D band center is lo- to 0.4.18 Within the average relative error of -18% for the
cated at 1368-1375 cm-1 , with its full width at half data shown in Fig. 2, the present measurements indicate that
maximum (FWHM) ranging from 296 to 303 cm- 1. The G the effective CTE of Ti-C:H is - 5.7X 10-6 K-I and essen-
band center is located at 1551-1557 cm- 1, with its FWHM tially independent of the Ti composition, regardless of
ranging from 108 to 130 cm- 1. As RTi/C increases from 0.02 whether v is taken to be 0.3, 0.17, or the linear rule-of-
to 0.17, the D and G band positions and their FWHMs do not mixtures values. The lack of composition dependence of
change significantly. The band heights, however, decrease by measured effective CTE for Ti-C:H is expected from con-
approximately a factor of 5. The similarity in Raman spectral tinuum mechanics, based on the near equality of CTEs for
shapes observed from Ti-C:H specimens with different nearly pure a-C:H and TiC.1)9 Since an abundance of
RTi/C suggests that the structure of the a-C: H phase within TiC/a-C:H interfaces exists within Ti-C:H, our measure-
Ti-C: H does not change significantly as the Ti composition ments suggest that these interfaces do not exert any anoma-
changes. Previous x-ray absorption spectroscopy measure- lous influence over the average thermal expansion behavior
ments on Ti-C:H thin films showed that the bonding envi- of these nanocomposites.
ronment surrounding Ti atoms is similar to that in bulk TiC.
These observations suggest that the structure of the TiC W.J.M. and B.S. acknowledge partial project support
phase within Ti-C:H is likewise not significantly modified from NIST ATP 70NANBHOH3048 through a subcontract
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